Objectives The objective of this study was to investigate the usefulness of model-based iterative reconstruction (IR) for detecting neointimal formations after carotid artery stenting. Methods In a cervical phantom harbouring carotid artery stents, we placed simulated neointimal formations measuring 0.40, 0.60, 0.80 and 1.00 mm along the stent wall. The thickness of in-stent neointimal formations was measured on images reconstructed with filtered-back projection (FBP), hybrid IR (AIDR 3D), and model-based IR (FIRST). The clinical study included 43 patients with carotid stents. Cervical computed tomography (CT) images obtained on a 320-slice scanner were reconstructed with AIDR 3D and FIRST. Five blinded observers visually graded the likelihood of neointimal formations on AIDR 3D and AIDR 3D plus FIRST images. Carotid ultrasound images were the reference standard. We analysed results of visual grading by using a Jack-knife type receiver observer characteristics analysis software. Results In the phantom study, the difference between the measured and the true diameter of the neointimal formations was smaller on FIRST than FBP or AIDR 3D images. In the clinical study, the sensitivity, specificity, positive predictive value, negative predictive value and accuracy of AIDR 3D were 58%, 88%, 83%, 67% and 73%, respectively. For AIDR 3D plus FIRST images they were 84%, 78%, 80%, 82% and 81%, respectively. The mean area under the curve was significantly higher on AIDR 3D plus FIRST than AIDR 3D images (0.82 vs 0.72; p < 0.01). Conclusions The model-based IR algorithm helped to improve diagnostic performance for the detection of neointimal formations after carotid artery stenting. Key Points • Neointimal formations can be visualised more accurately with model-based IR.
Introduction
Carotid endarterectomy is used to remove the vascular intima; it is the standard treatment for carotid stenosis [1, 2] . However, it is highly invasive and performed under general anaesthesia. Carotid artery stenting (CAS) is less invasive than surgery and can be performed endovascularly. Due to technical advances and improved stent-related materials [3] , it is now performed widely in recent years. However, within 2 years of undergoing CAS, 4-8% of patients present with restenosis [4, 5] . Ultrasound study is primarily used to evaluate the development of neointimal formations for patients who have undergone CAS [4] [5] [6] . They are non-invasive and of higher spatial resolution than computed tomography (CT) images. However, the recorded measurements can vary depending on the individual performing the procedure, and ultrasound waves are attenuated in distal regions of the carotid artery [7, 8] .
On CT images, the entire carotid artery can be evaluated uniformly, and findings are not reader-dependent. However, when CT angiography obtained with filtered-back projection (FBP) or hybrid iterative reconstruction (IR) is used for poststenting evaluation, blooming artefacts render stent struts thicker than they actually are because stents are made of materials that absorb high levels of radiation [9] . Consequently, neointimal formations can be overlooked.
Model-based IR is an image reconstruction technique that accurately reproduces CT values without FBP. Its spatial resolution is higher than on images reconstructed with conventional FBP or hybrid IR and its sophisticated modelling is expected to reduce blooming artefacts and improve the image quality compared to hybrid IR [10] [11] [12] . Model-based IR may facilitate the detection of subtle or fine neointimal formations developed inside stents after CAS.
To the best of our knowledge, the usefulness of modelbased IR for detecting neointimal formations after carotid artery stenting has not been evaluated. The objective of this study was to evaluate and compare the diagnostic accuracy for the detection of neointimal formations after CAS on images reconstructed with hybrid and model-based IR.
Materials and methods

Phantom study
Phantom design
The phantom simulating the carotid artery was created with a three-dimensional (3D) printer (Agilista; Keyence, Breda, Belgium) (Fig. 1) . It was made of ultraviolet curing acrylic resin [CT value approximately 50 Hounsfield units (HU, 120 kVp)]. The vertebrae were made of plaster (CT value approximately 1,000 HU). Two types of stents were inserted into the carotid artery, a carotid WALLSTENT (8 × 21 mm, cobalt/ nichrome alloy; Boston Scientific, Malborough, MA, USA) or a PRECISE stent (8 × 20 mm, nickel/titanium alloy; Johnson & Johnson, Cordis, Bridgewater, NJ, USA). We made simulated neointimal formations with the 3D printer; their thickness was set at 0.40, 0.60, 0.80 or 1.00 mm (CT value approximately 50 HU) and they were placed in the stent. The vessel lumen was filled with diluted contrast agent (iomeprol, Iomeron 300 mgI/mL; Eisai, Tokyo, Japan) adjusted to 450 HU.
Scan parameters and image analysis
Five CT scans were obtained under the same imaging conditions on a 320-slice CT scanner (Aquilion ONE; Canon Medical Systems, Otawara-shi, Japan). The scan parameters were tube voltage, 120 kVp; tube current, 300 mA; tube rotation speed, 0.4 s/rot; beam pitch, 0.844. A short-axis image was generated from images reconstructed with FBP, AIDR 3D and model-based IR (forward-projected model-based iterative reconstruction solution: FIRST) (Fig. 2) . All images were reconstructed with FBP using a sharp kernel (FC15), AIDR 3D (standard setting) using a sharp kernel (FC15), and with FIRST (cardiac setting). The thickness of neointimal formations (0.40, 0.60, 0.80 and 1.00 mm) was measured using a profile curve on short-axis images obtained with each reconstruction method (Fig. 3) . Clinical study
Patient population
Our study was performed in compliance with the principles of the Declaration of Helsinki and approved by our institutional review board. Informed prior consent was obtained from all patients. Included were 43 patients (37 men, 6 women; average age, 70 years; age range, 61-83 years) who had undergone ultrasound studies within 1 month before and after CT angiography performed between March 2015 and February 2017.
CT scanning and image analysis
All CT scans were performed on a 320-detector CT scanner. Using a dual-shot injector (DUAL SHOT GX7; Nemoto Kyorindo, Bunkyo-ku, Japan), we delivered 300 mgI/kg of non-ionic contrast material (iomeprol, Iomeron 300 mgI/mL; Eisai) at a fixed duration of 15 s to all patients. This was followed by 30 ml of a 0.9% saline solution injected at the same flow rate as the contrast material. The scan start time was determined using the bolus tracking method. Images were reconstructed at a slice thickness of 0.5 mm. The scan parameters were 32 × 0.5 mm; rotation time, 0.4 s; tube voltage, 120 kVp; auto exposure control index, 6; matrix, 512 × 512. All images were reconstructed with AIDR 3D (standard setting) using a sharp kernel (FC15) and with FIRST (cardiac setting). The mean thickness of the neointimal formation was measured at the narrowest point on each image reconstructed with AIDR 3D, and with FIRST. Display was on a ziostation2 workstation (Ziosoft, Tokyo, Japan).
Carotid ultrasound studies
A technologist with 22 years of experience performed the procedure and recorded the digital images. He used a LOGIQ 7 system (GE Yokogawa Medical Systems, Hino, Japan) with a 3-to 10-MHz broadband linear array transducer. In-stent neointimal formations were evaluated by highresolution B-mode ultrasonography. Neointimal thickness was measured on short-axis images. In the clinical study, the measured thickness of neointimal formations in ultrasound examinations was defined as the reference data. 
Observer performance
We used receiver operating characteristic (ROC) analysis to evaluate the diagnostic performance of radiologists for detecting instent neointimal formations. They were five board-certified radiologists with 7-31 years of experience (mean, 18.8 years). They were allowed to change the window level and width on the workstation; reading time was not limited. All recorded their confidence level on a continuous rating scale by placing marks on a line on the recording form. The left and right end of the line indicated complete confidence in the absence or presence of instent neointimal formation, respectively. Intermediate levels of confidence were indicated by the position of the mark between the two lines' termini. The distance between the left end of the line and the mark was measured and converted into an ordinal confidence rating ranging from 0-100. Each reader underwent training that involved the reading of images of two cases not included in the actual observer performance study. AIDR 3D images were evaluated first, followed by the evaluation of AIDR 3D plus FIRST images presented in a side-by-side manner.
Statistical analyses
We calculated sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV) and accuracy in detection of neointimal formation for AIDR 3D images and AIDR 3D plus FIRST images.
To compare diagnostic ability of AIDR 3D images and AIDR 3D plus FIRST images, we analysed the data by the Jack-knife type receiver observer characteristics analysis software [13] . For this analysis, we used a free statistical software provided by Chakraborty and Yoon (JAFROC 4.2.1; http:// www.devchakraborty.com/). Differences of p less than 0.05 were considered statistically significant.
We evaluated interobserver agreement for identification of neointimal formation between observers. As the observers rated the confidence score for ROC study by using a continuous rating scale of range 0-100, we transformed the score to four grade scores (Grade1, 0-25; Grade 2, 26-50; Grade 3, 51-75; Grade 4, 76-100). Then, we calculated Cohen's kappa coefficients between two observers in reading AIDR 3D and AIDR 3D plus FIRST images. We calculated kappa coefficients using a commercially available statistical software (Medcalc version 11.3.7.0; MedCalc Software, Ostend, Belgium).
Results
Phantom study
In the carotid WALLSTENT, the measured values of neointimal formations of 1.00 and 0.80 mm were more accurate on FIRST than FBP and AIDR 3D images (Table 1) . On FBP and AIDR 3D images neointimal formations of 0.60 and 0.40 mm were not detectable, but they were identifiable on FIRST images (measured values of 0.54 ± 0.09 and 0.40 ± 0.11 mm, respectively).
In PRECISE stents, the measured values of neointimal formations of 1.00, 0.80 and 0.60 mm were more accurate on FIRST than on FBP and AIDR 3D images (Table 2) . Neointimal formation of 0.40 mm was not detected on FBP and AIDR 3D images; with FIRST, it was identifiable (measured value of 0.30 ± 0.10 mm).
Clinical study
Of our 43 patients, 4 were implanted with a PRECISE stent and 39 with a WALLSTENT. The mean interval between stent placement and CT was 9.4 ± 10.1 months (range, 1-36 months). Neointimal formation was confirmed in 19 patients (44.2%) by ultrasound examination; 2 patients harbouring a PRECISE stent and 17 with a WALLSTENT. Measured values of neointimal formations were more accurate on FIRST than AIDR 3D images (Table 3) ; the mean rate of differences (%) between measured values in ultrasound examinations and those on AIDR 3D or FIRST images were 25.6 ± 12.3 % (median, 18.9 %; range, 13.8-52.9 %) and 6.3 ± 6.4 % (median, 4.1 %; range, 0-20.8 %), respectively. The sensitivity, specificity, PPV, NPV and accuracy for AIDR 3D were 58%, 88%, 83%, 67% and 73%, respectively. For AIDR 3D plus FIRST they were 84%, 78%, 80%, 82% and 81%, respectively.
The area under the best-fit receiver operating characteristic curve (AUC) in identification of neointimal formation was significantly higher for AIDR 3D plus FIRST than AIDR 3D only images (0.82 vs 0.70, p < 0.01) ( Table 4 , Fig. 4) . A representative case is shown in Fig. 5 .
Kappa coefficients between readers were shown in Table 5 . Kappa coefficients ware ranged from 0.44 to 0.91 in reading 
Discussion
Ours is the first study to evaluate the diagnostic performance of carotid artery stent scans reconstructed with the modelbased IR algorithm for the detection of neointimal formations. We found that it reduced blooming effects arising from the stent and improved the diagnostic performance for the detection of neointimal formations. Although CAS is useful for the treatment of carotid artery stenosis, the risk for restenosis demands careful follow-up. Post-CAS, ultrasound studies are performed to detect instent neointimal formations [6, [14] [15] [16] . However, ultrasound findings can vary depending on the individual performing the procedure. Also, evaluation of the distal region of the carotid artery is sometimes difficult because of the attenuation of ultrasound waves. On CT images, on the other hand, the entire carotid artery can be evaluated uniformly and objectively, and findings are not reader-dependent.
IR algorithms can be classified into hybrid-and model-based IR. The former applies noise reduction techniques in sinogram and image spaces. The image noise is lower and streak artefacts are fewer with hybrid IR than conventional FBP [17, 18] . Model-based IR repeats both back and forward projections in the image-reconstruction process [10, 11] and the spatial resolution is higher than on images reconstructed with conventional FBP or hybrid IR [10, 11] . Tatsugami et al [12] who examined the effect of model-based IR on the image quality of coronary artery stents found that the stent strut was sharper and the attenuation effects from stent struts were lower on model-based than hybrid IR images.
In this study, we firstly compared the usefulness of FBP and two IR methods for the detection of simulated neointimal formations in a CAS phantom. On FIRST, but not on FBP and AIDR 3D images, neointimal formations such as 0.4 mm or 0.6 mm were visualised. In addition, the difference between the measured and the true diameter of the simulated neointimal formations was smaller on FIRST than FBP or AIDR 3D images. As the stent material is thought to be a major factor with respect to diagnostic accuracy and lumen visibility, we evaluated the WALLSTENT and the PRECISE stent in the phantom study. On FIRST images, the recorded diameter of the simulated neointimal formations was not affected by the stent material.
In the clinical study, measured values of neointimal formations were more accurate on FIRST than AIDR 3D images. Also, the diagnostic performance for the detection of neointimal formations was better on FIRST images. The higher sensitivity on FIRST than AIDR 3D images (84% vs 58%) suggests that neointimal formations are not likely to be missed on FIRST images. Consequently, in-stent neointimal formations that may have been overlooked on images acquired with conventional methods may be identified on subsequent studies using FIRST. On the other hand, as the NPV was higher on FIRST than AIDR 3D images (82% vs 67%), we suggest that the FIRST images are useful for the exclusion of neointimal formations. It is uncertain whether clinical management will change dramatically by detecting the neointimal formations from the very early stage. However, for these patients, we can suggest more rigid control of blood pressure or hyperlipidaemia. So, we consider that the use of FIRST may decrease the future risks of restenosis or cerebral infarction.
Our study has some limitations. First, the small number of patients limits the informational value of our findings. Second, we investigated the effect of IR algorithms on a CT scanner from a single vendor; the use of scanners from other vendors may result in different findings. Third, although the readers were blinded to the reconstruction method used (AIDR 3D or FIRST), it may have been obvious due to major differences in the image characteristics.
In conclusion, the model-based IR algorithm improves diagnostic performance for the detection of neointimal formations after CAS. 
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